Lavezzi JR, Thorn SR, O'Meara MC, LoTurco D, Brown LD, Hay WW Jr, Rozance PJ. Increased fetal insulin concentrations for one week fail to improve insulin secretion or ␤-cell mass in fetal sheep with chronically reduced glucose supply. Am J Physiol Regul Integr Comp Physiol 304: R50 -R58, 2013. First published November 7, 2012 doi:10.1152/ajpregu.00413.2012.-Maternal undernutrition during pregnancy and placental insufficiency are characterized by impaired development of fetal pancreatic ␤-cells. Prolonged reduced glucose supply to the fetus is a feature of both. It is unknown if reduced glucose supply, independent of other complications of maternal undernutrition and placental insufficiency, would cause similar ␤-cell defects. Therefore, we measured fetal insulin secretion and ␤-cell mass following prolonged reduced fetal glucose supply in sheep. We also tested whether restoring physiological insulin concentrations would correct any ␤-cell defects. Pregnant sheep received either a direct saline infusion (CON ϭ control, n ϭ 5) or an insulin infusion (HG ϭ hypoglycemic, n ϭ 5) for 8 wk in late gestation (75 to 134 days) to decrease maternal glucose concentrations and reduce fetal glucose supply. A separate group of HG fetuses also received a direct fetal insulin infusion for the final week of the study with a dextrose infusion to prevent a further fall in glucose concentration [hypoglycemic ϩ insulin (HGϩI), n ϭ 4]. Maximum glucose-stimulated insulin concentrations were 45% lower in HG fetuses compared with CON fetuses. ␤-Cell, pancreatic, and fetal mass were 50%, 37%, and 40% lower in HG compared with CON fetuses, respectively (P Ͻ 0.05). Insulin secretion and ␤-cell mass did not improve in the HGϩI fetuses. These results indicate that chronically reduced fetal glucose supply is sufficient to reduce pancreatic insulin secretion in response to glucose, primarily due to reduced pancreatic and ␤-cell mass, and is not correctable with insulin. pancreatic islet; glucose; insulin; fetus; hypoglycemia REDUCED FETAL GLUCOSE SUPPLY is a feature of two important complications during pregnancy: maternal undernutrition and placental insufficiency (11, 44) . While these are two distinct entities, they share many features. Both are found in developed and developing countries, are associated with intrauterine growth restriction (IUGR), and have consequences for the long-term health of an individual (1, 4, 5, 17, 27, 55) . Both also result in decreased insulin secretion and ␤-cell mass in the offspring (22, 24, 45, 49, 67) . This may underlie the increased risk for developing Type 2 diabetes in these offspring (4, 27, 54).
The effects of reduced glucose supply on the fetal pancreatic ␤-cell independent of other features of maternal undernutrition and placental insufficiency are important to investigate, as restoring the fetal glucose supply has been considered as a therapeutic strategy for treating IUGR (8, 34, 56, 64) . Prior studies have used a continuous maternal insulin infusion in pregnant sheep to show that reducing fetal glucose supply for relatively short, 1-to 2-wk periods during the final 10% of gestation decreases fetal ␤-cell function without significantly decreasing ␤-cell mass (43, 57, 59) . Many cases of maternal undernutrition and placental insufficiency, however, are characterized by much longer periods of reduced glucose supply (17, 49) , often over the entire second half of gestation when fetal growth and development are particularly vulnerable to restricted nutrient supply. Previous studies that have measured fetal effects of reduced fetal glucose supply over the second half of gestation using maternal insulin infusions are limited, but they have documented normal fetal oxygen and amino acid supply, normal umbilical and uterine blood flow rates, and normal fetal glucagon concentrations (10, 48) . Fetal glucose and insulin concentrations in such conditions were significantly lower than control fetuses (10, 48) . However, fetal insulin-like growth factor-1 (IGF-1), cortisol, and norepinephrine were not measured nor were fetal insulin secretion or pancreatic morphology including ␤-cell mass. Therefore, the main objective of the current study was to test the hypothesis that reducing the fetal glucose supply over the second half of gestation by chronic insulin infusion into pregnant ewes would decrease fetal insulin secretion primarily due to reduced ␤-cell mass and also to measure secondary effects that might influence ␤-cell function such as changes in IGF-1, cortisol, and norepinephrine concentrations.
Because plasma insulin concentrations are important for ␤-cell function, a second objective of the current study was to test the hypothesis that restoring fetal insulin concentrations to physiological levels for 1 wk following prolonged reduced fetal glucose supply would correct observed defects in fetal insulin secretion and/or ␤-cell mass. There is strong rationale for this hypothesis. Most evidence indicates that insulin is an important growth and survival factor for the ␤-cell. Insulin signals through the Raf-1/mitogen-activated protein kinase (MAPK) pathway to enhance ␤-cell proliferation and through PDX-1 to inhibit ␤-cell apoptosis (3, 32, 33) . Both of these signaling pathways act to increase ␤-cell mass. Furthermore, in adults short-term hyperinsulinemia without an associated decrease in glucose concentrations enhances glucose-stimulated insulin secretion (GSIS), a finding consistent with in vitro experiments (2, 7) . We prospectively designed into the current experiment, therefore, a group of animals that received a direct fetal insulin infusion for 1 wk at the end of the period of maternal insulin infusion to restore physiological fetal insulin concentrations and test whether GSIS and ␤-cell mass can be enhanced following chronic restriction of the fetal glucose supply.
MATERIALS AND METHODS
Animal preparation. Experiments were conducted in ColumbiaRambouillet sheep with singleton pregnancies. An initial surgery was performed at 70.0 Ϯ 0.8 days gestational age (dGA; term ϭ 148 dGA) to place maternal femoral venous and arterial catheters through a left groin incision. The animal was allowed to recover at least 5 days before the initiation of experimental infusions described below. At 119.4 Ϯ 0.5 dGA, a second surgery was performed to place fetal catheters into the fetal inferior vena cava via hindlimb pedal veins and into the fetal abdominal aorta via hindlimb pedal arteries (65) . Maternal infusions were continued while each ewe was allowed to recover from the second surgery for at least 5 days before initiation of fetal infusions. Postoperatively, the sheep were kept in individual carts and given an ad libitum diet of alfalfa pellets, water, and mineral supplements. At least two sheep were always housed together. All animal procedures were in compliance with guidelines of the United States Department of Agriculture, the National Institutes of Health, and the American Association for the Accreditation of Laboratory Animal Care. The animal care and use protocols were approved by the University of Colorado Denver Institutional Animal Care and Use Committee.
Experimental design. After the first surgery, sheep were placed into one of two randomly assigned groups. One group (n ϭ 9) received a continuous maternal infusion of intravenous insulin prepared in saline (0.9% NaCl) with bovine serum albumin (BSA, 0.5% wt/vol) for 8 wk. Maternal arterial plasma glucose was measured at least twice daily, and the insulin infusion was adjusted to achieve a 40% reduction in maternal glucose concentrations and to restrict fetal glucose supply by ϳ40% (10, 48, 65) . The other group (CON; n ϭ 5) received a maternal saline infusion at rates matched to the insulin infusion rates.
After the fetal surgery, sheep receiving an insulin infusion were further divided into two randomly assigned groups. Fetuses in one of these groups received a direct fetal insulin infusion (Humulin R; Eli Lilly, Indianapolis, IN) for the final week of the study (HGϩI; n ϭ 4) at a constant rate chosen to achieve insulin concentrations that were twice that of CON fetuses (100 mU/h; using necropsy weights ϭ 38.9 Ϯ 228 mU·kg Ϫ1 ·h Ϫ1 ). This ran concurrently with a 33% dextrose (wt/vol in saline) infusion to prevent a further fall in fetal glucose concentrations and achieve a 1-wk hyperinsulinemic-isoglycemic clamp. Fetal arterial plasma glucose concentrations were measured at least twice daily, and the dextrose infusion was adjusted accordingly. The other group received a direct fetal saline infusion matched at equal infusion rates to the combined fetal insulin and dextrose infusion (HG; n ϭ 5). Finally, fetuses in the CON group (n ϭ 5) also received a direct fetal saline infusion at equal rates (65) .
At baseline and throughout the fetal infusion period, fetal arterial blood gases and acid-base balance and plasma glucose, lactate, and insulin concentrations were measured. Immediately before measurement of fetal insulin secretion, fetal arterial plasma concentrations of amino acids, IGF-1, glucagon, cortisol, and norepinephrine were measured.
In vivo fetal insulin and glucagon secretion. On the seventh day of the direct fetal infusions (132.5 Ϯ 2.4 dGA), a square-wave hyperglycemic clamp followed by a 4-min arginine infusion during sustained hyperglycemia was used to determine fetal insulin and glucagon secretion as previously described (43) . All sample times are relative to the start of the fetal hyperglycemic clamp.
Biochemical analysis. Whole blood was collected in EDTA-coated syringes and immediately centrifuged (14,000 g) for 3 min at 4°C. Plasma was removed, and the glucose and lactate concentrations were immediately determined using the YSI model 2700 select biochemistry analyzer (Yellow Springs Instruments, Yellow Springs, OH) (65) . The remainder of the plasma was stored at Ϫ70°C for hormone and amino acid measurements. The arterial amino acid concentrations were measured using a Dionex 300 model 4500 amino acid analyzer (Dionex, Sunnyvale, CA) (57) .
Plasma insulin concentrations were measured by an ovine insulin ELISA (Alpco Diagnostics, Salem, NH; interassay and intra-assay CV's: 4.7 and 5.4%) (65) . Cortisol levels were measured using a Cortisol ELISA (Alpco Diagnostics, Salem, NH; interassay and intra-assay coefficient of variations (CVs) 5.7 and 4.4%) (65) . All cortisol samples were measured in duplicate with a single ELISA assay with repeat measurements made for a CV greater than 15%. Glucagon (Millipore, Billerica, MA; interassay and intra-assay CV's: 11.7 and 6.1%) and IGF-1 (Diagnostics Systems Laboratories, Webster, TX; interassay and intra-assay CV's 4.5 and 2.6%) were measured by RIA (65) . Blood gases, pH, and hematocrit were determined using an ABL 520 analyzer (Radiometer, Copenhagen, Denmark). Oxygen content of the blood was calculated by the ABL 800 analyzer (65) . Norepinephrine concentrations were measured by HPLC as previously described (65) . Samples were measured in a single assay with repeat determination for a CV Ͼ 15%.
Fetal tissue collection. After the in vivo insulin secretion measurements, animals were maintained for one more day on their respective chronic infusions. To obtain fetal tissues under conditions closely approximating in vivo study conditions, the ewes and fetuses were anesthetized with ketamine (1,000 mg) and diazepam (10 mg) given to the mother. The fetus was removed, blotted dry, and weighed. The ewe and the fetus were then killed with intravenous concentrated pentobarbital sodium (4,680 mg and 940 mg, respectively). The fetal pancreas was dissected free, weighed, and divided. The hepatic portion was snap-frozen in liquid nitrogen and stored at Ϫ80°C. The splenic portion was fixed in 4% (wt/vol) paraformaldehyde in PBS overnight and then embedded in paraffin.
Pancreatic insulin and glucagon mRNA and protein concentrations. Frozen fetal pancreas tissue from the hepatic portion was pulverized in liquid nitrogen. Pancreatic insulin and glucagon were measured as previously described (59) .
Total RNA was extracted from pulverized pancreas (100 mg) and reverse transcribed into cDNA as previously described (58) . Insulin (GenBank Accession no. U00659), glucagon (GenBank Accession no. AF529185), somatostatin (GenBank Accession no. AF031488), pancreatic polypeptide (GenBank Accession no. AY427976), and ␤-actin (Accession no. U39357) were previously cloned and sequenced (13, 42) . Quantitative real-time PCR for insulin and ␤-actin were performed as previously described (13) . Other assays were performed with the following primers: glucagon forward 5=-TCACTCTCTCTTCACCTGCTCTGT-3= and reverse 5=-GACACACT-TACTTCCTGTCAG-3=, somatostatin forward 5=-TCTCCATCGTCCTG-GCTCTTG-3= and reverse 5=-CTCCAGCCTCATTTCATCCTG-3=, and pancreatic polypeptide forward 5=-TGCTCCTTCTGTCCACGTG-3= and reverse 5=-ACCTGGGGACTGCTGAG-3=. Specificity of the primers for all genes was confirmed with agarose gel electrophoresis, melting curve analysis, and sequencing of PCR products. cDNA samples were analyzed in triplicate, and the standard curve method of relative quantification was used to compare results (68) . ␤-Actin was used as a housekeeping gene and was not different between treatment groups, and results are normalized to the CON group.
Histology of fetal pancreas. Tissue sections from the splenic portion of the pancreas were cut from paraffin-embedded pancreases at 70-m minimum intervals for histological and morphometric evaluation. Pancreatic sections were processed and insulin, glucagon, somatostatin, and pancreatic polypeptide were identified as previously described (42) .
Morphometric analysis was performed as previously described (59) . Insulin ϩ and glucagon ϩ areas were determined for 20 fields of view (FOV) on four pancreatic sections per animal and expressed as a percentage of total pancreas area evaluated. The percent area for all FOV obtained from one section were averaged to provide the mean percent area for each section. Then the percent area for all sections from each animal were averaged to provide the mean percent area for each animal. This average was used for summary and comparative statistics. ␤-Cell and ␣-cell mass were calculated as the product of the relative ␤-cell and ␣-cell area, respectively, and the weight of the pancreas. Islet size was determined by measuring all islets in three randomly selected FOV per section in four sections per animal for a total of 46.3 Ϯ 3.9 islets measured per animal. Islets were defined as endocrine cell clusters of at least 500 m 2 as previously described (42). Statistical analysis. Statistical analysis was performed using SAS v.9.1 (SAS Institute). A mixed models analysis of variance (ANOVA) was performed to determine effects of treatment group (CON, HG, or HGϩI), time, and treatment group by time interactions. A term was included to account for repeated measures within a single animal, and posttest comparisons were made using Fishers least squares difference if the overall ANOVA had a P Ͻ 0.05. Results are expressed as means Ϯ SE. P values Ͻ0.05 were considered significant.
RESULTS
Nutrients, hormones, and blood gasses. Consistent with study design, maternal arterial plasma glucose concentrations in the HG group were lower compared with those in the CON group (P Ͻ 0.0001, Fig. 1 ). Fetal arterial plasma glucose and insulin concentrations were only measured throughout the final week of the study when fetal vascular access was present. In HG fetuses arterial plasma glucose was 55% lower (P Ͻ 0.0001) and insulin wa 60% lower than CON fetuses (P Ͻ 0.05; Fig. 2 ). Chronically restricting fetal glucose supply and plasma glucose concentrations had no effect on fetal arterial pH, PCO 2 , lactate, PO 2 , hemoglobin-O 2 saturation, blood O 2 content, or hematocrit (Table 1) .
Fetal arterial plasma amino acid concentrations were not different between CON and HG fetuses, with the exception of taurine and cysteine, which were higher in HG fetuses (P Ͻ 0.01, Table 1 ). Fetal arterial plasma IGF-1 concentrations were lower in the HG group (P Ͻ 0.05, Table 1 ). Fetal arterial plasma cortisol, norepinephrine, and glucagon concentrations were not different between CON and HG fetuses (Table 1) .
Insulin and glucagon secretion. During the fetal squarewave hyperglycemic clamp at the end of the chronic study period, maximal steady-state hyperglycemic insulin concentrations in the HG group were 45% lower compared with the CON group (P Ͻ 0.05) despite achieving similar glucose concentrations (Fig. 3) . The glucose infusion rates required to achieve steady-state glucose concentrations during the hyperglycemic clamp were 11.0 Ϯ 1.8 mg·kg Ϫ1 ·min Ϫ1 in CON fetuses and 20.9 Ϯ 1.4 mg·kg Ϫ1 ·min Ϫ1 in HG fetuses (P Ͻ 0.005). Maximum glucose-potentiated arginine-stimulated insulin concentrations were measured 5 min after the arginine bolus and were not different between the HG and CON groups (3.11 Ϯ 0.58 ng/ml CON, 3.42 Ϯ 0.34 ng/ml HG). Maximum glucagon concentrations also were measured 5 min after the arginine infusion in both groups but were not different from each other (127.4 Ϯ 20.7 pg/ml CON, 130.3 Ϯ 14.9 pg/ml HG). Fetal whole body and organ weights and pancreatic morphology. Fetal characteristics at necropsy are presented in Table 2 . Gestational age was not different between CON and HG. There were more male CON fetuses (80%) compared with the HG group (20%, P ϭ 0.06). HG fetuses weighed 40% less (P Ͻ 0.0001) and had lower extremity lengths that were 15% shorter compared with CON (P Ͻ 0.05). Pancreatic weights were 35% lower in HG compared with CON fetuses (P Ͻ 0.05). Most other organ weights were lower in HG fetuses (Table 2) , but relative to body weight these organ weights, including the pancreas, were not different between groups (data now shown).
Pancreatic characteristics are shown in Table 3 . Islet size did not differ between groups, but the number of islets per FOV was 23% lower in HG compared with CON fetuses (P Ͻ 0.05). The average ␤-cell area also was 20% lower in HG fetuses, but this difference did not reach statistical significance. ␤-Cell mass, however, was 50% lower in HG fetuses (P Ͻ 0.05). ␣-Cell mass also was lower (P Ͻ 0.005) in the HG versus CON fetuses. Pancreatic insulin content was 54% lower in the HG group compared with the CON group (P Ͻ 0.005) and remained lower even when normalized to ␤-cell area (P Ͻ 0.05). Pancreatic glucagon content was not different between HG and CON groups. Pancreatic insulin and glucagon mRNA values were not statistically lower in HG compared with CON. There was no difference in pancreatic polypeptide or somatostatin mRNA between HG and CON groups.
Hypoglycemic ϩ insulin group results. This group was used to test the hypothesis that restoring fetal insulin concentrations to physiological levels for 1 wk following prolonged reduced fetal glucose supply (and associated fetal hypoinsulinemia) would correct observed defects in insulin secretion and/or ␤-cell mass. Maternal arterial plasma glucose concentrations were not different in the HGϩI group compared with the HG group. Fetal arterial plasma insulin in the HGϩI group was similar to HG fetuses on day one (0.13 Ϯ 0.01 ng/ml) but higher throughout the fetal insulin infusion (days 2-7, mean arterial plasma insulin concentration 0.89 Ϯ 0.12 ng/ml, P Ͻ 0.01). By study design, glucose concentrations did not change throughout the infusion and were similar to HG fetuses (mean arterial plasma glucose concentrations 9.0 Ϯ 0.8 mg/dl). The dextrose infusion required to prevent a further fall in glucose concentrations in the HGϩI group progressively increased from a starting rate of 7.0 Ϯ 1.7 to 17.1 Ϯ 2.7 mg/min on the final day of insulin infusion. With the use of necropsy weights, the final infusion rate of dextrose was 6.6 Ϯ 1.1 mg·kg Ϫ1 ·min Ϫ1 . Neither ␤-cell mass nor GSIS were corrected in the HGϩI fetuses. GSIS was suppressed in the HGϩI fetuses (baseline insulin 0.61 Ϯ 0.17 vs. maximal glucose stimulated insulin 0.83 Ϯ 0.05, ng/ml), and there were no differences between HGϩI and HG fetuses for any characteristics of the pancreas except for a lower pancreatic glucagon content when normalized to ␣-cell area (P Ͻ 0.05) ( Table 3) . Maximum glucosepotentiated arginine-stimulated insulin concentrations were measured at 5 min after the arginine infusion and were lower compared with HG fetuses (1.64 Ϯ 0.81 ng/ml, P Ͻ 0.05). Maximum glucagon concentrations also were measured at 5 min after the arginine infusion and were lower compared with HG fetuses (100.7 Ϯ 24.6 pg/ml, P Ͻ 0.05).
Hemoglobin-O 2 saturation (P Ͻ 0.01) and blood O 2 content (P Ͻ 0.005) decreased in HGϩI fetuses during the insulin infusion without associated hypercapnea or metabolic acidosis ( Table 1 ). The hematocrit in HGϩI also decreased during the insulin infusion (Table 1 , P Ͻ 0.05). Branched chain amino acids (valine, leucine, isoleucine) and taurine were all lower in HGϩI compared with HG (P Ͻ 0.05, Table 1 ). Although no significant difference was seen in norepinephrine levels between HG and HGϩI (Table 1) , there was an inverse correlation between norepinephrine and oxygen content in all groups (Fig. 4) .
DISCUSSION
Reduced glucose supply to the fetus is a complication of placental insufficiency and maternal undernutrition, both of which may result in IUGR (11, 44) . Increasing the fetal glucose supply has been considered as a therapeutic strategy for IUGR (8, 34, 56, 64) , but the specific role of reduced glucose supply in the pathogenesis of pregnancies complicated by maternal undernutrition or placental insufficiency is not completely understood. Decreased fetal glucose and insulin concentrations are critical for ␤-cell function and are likely to be involved in the pathogenesis of decreased insulin secretion and decreased ␤-cell mass found in such conditions (2, 18, 24, 28, 50) . However, whether experimentally reducing the fetal glucose supply independent of other complications of maternal undernutrition and placental insufficiency, such as decreased umbilical and uterine blood flows, decreased fetal oxygen supply and oxygen concentrations, and decreased fetal amino acid supply, causes decreased fetal insulin secretion and ␤-cell mass has not been directly tested. Therefore, the study reported herein quantified defects in fetal insulin secretion and ␤-cell mass following prolonged reduction of glucose supply to the fetus throughout the latter half of pregnancy. Furthermore, having previously identified low fetal insulin concentrations in this model of reduced fetal glucose supply (48), we prospectively designed into this study a group of animals in which we tested the ability of restored physiological fetal insulin concentrations for the final week of reduced fetal glucose supply to correct any observed defects in fetal insulin secretion or ␤-cell mass. The novel and important findings of this study are that following prolonged reduced glucose supply, fetuses are characterized by lower GSIS, pancreatic islet density, pancreatic ␤-cell mass, pancreatic insulin content, and circulating IGF-1 concentrations. Increasing fetal insulin concentrations following prolonged reduced glucose supply with a direct fetal insulin infusion does not correct any of these defects. Severely growth-restricted human fetuses are characterized by decreased ␤-cell mass and decreased in vivo GSIS (49, 67) . The focus of this study, therefore, was to determine the role of prolonged reduced glucose supply on fetal insulin secretion and ␤-cell mass using an experimental large animal model. While HG fetal islets were the same size as CON fetal islets, we found a significant reduction in HG fetal pancreatic islet density. Combined with a 35% smaller pancreas, decreased pancreatic islet density contributed to a 50% lower ␤-cell mass in the HG fetuses. Normal islet size but decreased pancreatic islet density is consistent with decreased isletogenesis in the HG fetuses. In rodents, islets do not form until the final 22% of gestation (31, 62) . But in sheep, like humans, isletogenesis begins in the first trimester, persists throughout gestation, and overlaps with the experimental insult tested herein (6, 15, 52) . Future studies will determine which specific downstream features of reduced fetal glucose supply (i.e., low glucose, low insulin, or low IGF-1) might be responsible for decreased islet formation and the precise timing of such an insult. We also identified lower pancreatic insulin content in the HG fetuses, even when normalized to ␤-cell area, indicating decreased insulin per ␤-cell. Both decreased ␤-cell mass and decreased pancreatic insulin content likely limited maximum glucosestimulated insulin concentrations in the HG fetuses.
We also found that ␣-cell mass was 60% lower in HG fetuses compared with controls. Despite this, there was only a 15% (and not statistically significant) reduction in pancreatic glucagon content and no difference in arginine-stimulated glucagon secretion, suggesting increased responsiveness of the ␣-cell. Decreased insulin concentrations and secretion in HG fetuses is a possible explanation for increased ␣-cell responsiveness in this group, as insulin and other ␤-cell secreted factors suppress glucagon release (25, 29, 46) .
Because of the chronic nature of the experimental insult, we hypothesized a reduction in the ␤-cell mass of the HG fetuses and therefore focused on changes in pancreatic morphology to explain decreased fetal insulin concentrations and insulin secretion. This precluded isolation of the pancreatic islets for in vitro functional analysis. Therefore, we cannot exclude the possibility of additional mechanisms contributing to decreased maximal glucose-stimulated insulin concentrations. The classical pathway by which glucose stimulates insulin secretion from the ␤-cell involves the generation of ATP, which inhibits K ϩ channels on the ␤-cell membrane. This leads to depolarization and entry of calcium into the ␤-cells, which triggers insulin granule exocytosis and insulin release. This pathway is thought to regulate early phase insulin secretion (28) , which was normal in the HG fetuses in the present study, indicating suppression of sustained insulin secretion rather than complete interruption of the normal pathway. We speculate that defects in the generation of secondary messengers by the HG islets may contribute to the inability of the ␤-cells to sustain a normal insulin response to the hyperglycemic clamp (63) . These secondary messengers, which include cAMP, nicotinamide adenine dinucleotide phosphate (NADP)/NADPH, anaplerotic input to the Krebs cycle (e.g., ␣-ketoglutarate), and adenosine monophosphate-activated kinase (AMPK), are regulated by glucose availability and the overall energy status of the ␤-cell making them particularly important to test in future experiments (20, 26, 30, 51, 60) . Some of these secondary messengers such as AMPK not only regulate GSIS but also insulin gene transcription and ␤-cell survival (16, 23, 35, 36 ). Normal ASIS in the HG fetuses, despite lower ␤-cell mass and pan- creatic insulin content, also supports a defect in the generation of secondary messengers. Arginine acutely stimulates insulin secretion by directly depolarizing the ␤-cell leading to calcium entry and insulin granule exocytosis, therefore, bypassing the pathways stimulated by these secondary messengers (12) .
We also report lower IGF-1 concentrations following chronic reduction of the fetal glucose supply from maternal insulin infusions. IGF-1 signaling in the ␤-cell overlaps significantly with insulin signaling and, therefore, could be hypothesized to increase insulin secretion and ␤-cell mass in the HG fetuses (38) . Furthermore, chronic fetal IGF-1 infusions are not associated with fetal hypoxemia, as found in the HGϩI fetuses in the current study (21, 37) . However, at higher doses of IGF-1 circulating fetal insulin concentrations are decreased and acute IGF-1 infusions inhibit GSIS in adults (37, 53) . This is the first to the identification of lower IGF-1 concentrations in this model, thus precluding prospective inclusion of a group of HG fetuses in which IGF-1 concentrations were experimentally increased.
In the HGϩI group, we used direct fetal insulin infusions for 1 wk to determine whether elevated fetal insulin concentrations would correct defects in insulin secretion and ␤-cell mass in the HG group. Hyperinsulinemic-isolglycemic clamps in adult humans potentiate GSIS (7) . This in vivo result is supported by in vitro studies that show that insulin increases insulin granule exocytosis from the ␤-cell by stimulating increases in intracellular calcium concentrations with minimal effects on cell membrane potential (2) . Furthermore, at physiological doses insulin acts via the Raf-1/MAPK pathway to enhance ␤-cell proliferation and via PDX-1 to inhibit ␤-cell apoptosis (3, 32, 33) . Decreased insulin signaling in the ␤-cell results in decreased ␤-cell mass (38, 39, 66) . Taken together, these studies provided the rationale for testing the hypothesis that increased fetal insulin concentrations would act to increase ␤-cell function and mass. However, we found that raising fetal insulin concentrations for 1 wk suppressed GSIS, reduced ASIS, and did not change ␤-cell mass or pancreatic insulin content. These results may be due to progressive fetal hypoxemia and/or increases in norepinephrine concentrations, which can have direct inhibitory effects on the ␤-cell (19, 40, 56) and were not present in the adult studies noted above that demonstrated insulin potentiation of GSIS.
Progressive hypoxia following a direct fetal insulin infusion has been previously reported in normally growing fetuses (9, 47, 61) . The decrease in fetal arterial oxygen content was postulated to be due to either increased fetal oxygen consumption, restricted placental oxygen transfer to the fetus, or decreased and/or redistributed fetal blood flow. Data are conflicting as to the exact mechanism (9, 47, 61) . Experiments measuring blood flows, fetal and placental oxidative metabolism, and oxygen transfer across the placenta are underway to test these possibilities as well as the effects of prolonged hyperinsulinemia on GSIS in normal fetuses. Lower taurine or the branched chain amino acids leucine, isoleucine, and valine also could have contributed to decreased insulin secretion in the HGϩI fetuses, because these amino acids enhance ␤-cell function (14, 41) . We also observed a decrease in hematocrit in the HGϩI group compared with HG, which could not be explained by differences in daily infusate volume or blood volume sampling.
Perspectives and Significance
Prolonged reduced fetal glucose supply for 8 wk in pregnant sheep made hypoglycemic by maternal insulin infusion caused a defect in fetal insulin secretion, as well as 50% lower ␤-cell mass and lower pancreatic insulin content even when normalized to ␤-cell area, indicating decreased insulin per ␤-cell. A direct fetal insulin infusion for 1 wk after prolonged reduced fetal glucose supply did not improve any of the ␤-cell defects. On the contrary, it caused a more severe impairment in insulin secretion, a novel observation that needs further investigation to determine causation, such as the concomitant fetal hypoxemia and secondarily increased concentrations of norepinephrine. Whereas these results do not rule out the possibility that other complications of placental insufficiency and maternal nutrient deprivation contribute to ␤-cell defects in IUGR individuals, they show that reduction of the fetal glucose supply is sufficient to cause these defects.
